In this issue of Neuron, Maroso et al. (2016) describe a novel link between cannabinoids and cognition. They show that CB1Rs bidirectionally modulate HCN-mediated I h in a subset of CA1 pyramidal neurons to influence both short-and long-term circuit dynamics and alter spatial working memory in behaving mice.
The link between cannabinoid type 1 receptors (CB1Rs) and behavior has been well documented in both humans and animal models, particularly the association of CB1Rs with cognitive processes such as memory formation and working memory. In fact, the link between cannabinoids and memory is pervasive, representing the deleterious side effect most associated with recreational cannabis use. Interestingly, despite the wealth of studies linking CB1R function to memory, the precise cellular mechanisms underlying the role of CB1Rs in cognition remain poorly understood. In this issue of Neuron, Maroso et al. (2016) introduce a novel link between CB1Rs and hyperpolarization-activated cyclic nucleotidegated (HCN) channels, showing that CB1Rs can bidirectionally modulate the HCN-mediated hyperpolarization-activated cationic current (I h ) in a subset of CA1 pyramidal cells. Moreover, CB1R-mediated modulation of I h influences both short-and long-term circuit dynamics within CA1 and alters spatial working memory in behaving mice, providing direct mechanistic evidence for the link between CB1Rs and learning and memory.
CB1Rs are seven-transmembrane domain, G i/o protein-coupled receptors that bind both endogenous cannabinoids (eCBs), such as 2-arachidonylglycerol and anandamide, and exogenous cannabinoids (i.e., D9-tetrahydracannabinol, the major psychoactive component of cannabis). Activation of these receptors leads to a variety of cell-type-and cellstate-specific intracellular cascades, allowing CB1Rs to mediate a variety of physiological outcomes in the developing and mature brain (Maccarrone et al., 2014) . While CB1Rs are abundantly expressed throughout the brain, expression is highly localized to specific GABAergic interneuron and pyramidal cell (PC) subpopulations, with cholecystokinin (CCK)-expressing interneurons comprising much of the CB1R expression in the neocortex and hippocampus (Dudok et al., 2015) .
In the mature brain, CB1R activation is a critical modulatory mechanism, potently inhibiting neurotransmitter release from CB1R+ axon terminals in both an activity-dependent and constitutive manner (Castillo et al., 2012) . In line with this modulatory function, CB1Rs have been shown to play a role in short-and longterm plasticity in the neocortex and hippocampus. Evidence linking CB1R activation to disrupted long-term potentiation (LTP) in the hippocampus represents a potential link between cannabinoid receptor function and spatial memory. As HCN-mediated I h has been similarly linked to both LTP and spatial memory, Maroso et al. (2016) investigated the relationship between CB1Rs and HCNs in CA1 pyramidal cells.
Using whole-cell patch-clamp recordings from CA1 PCs, Maroso et al. (2016) first examined whether activation of CB1Rs modulates I h . The authors evaluated the amplitude of depolarizing sag, an indirect measure of I h , in response to hyperpolarizing current steps in CA1 PCs, finding that sag amplitude showed a bimodal distribution correlating to a PCs location within stratum pyramidal. Sag amplitude was significantly greater in superficial PCs (SPCs), located close to stratum radiatum, than in deep PCs (DPCs), located closer to stratum oriens. This initial observation not only suggests that I h may be differentially regulated in CA1 PCs but also adds to the growing body of evidence indicating that PCs represent a diverse population of cell types (Cembrowski et al., 2016) (Figure 1 ). Application of a synthetic CB1 agonist, WIN55,212-2 (WIN), increased sag amplitude in SPCs, but not DPCs. The WINinduced increase in I h was blocked by preincubation with the CB1R antagonist, AM251, indicating that WIN-induced modulation of I h is CB1R dependent. Of interest, application of AM251 alone reduced sag amplitude in SPCs, but again not in DPCs, suggesting that CB1Rs are constitutively active and influence the magnitude of hyperpolarization-activated sag observed under baseline conditions in SPCs. Indeed, in the presence of AM251, sag amplitude was similar in both SPCs and DPCs. In both SPCs and DPCs, I h was mediated by HCNs, as pharmacological blockade and genetic deletion of HCN1 resulted in a complete block of sag responses. Next a more formal test of CB1R-dependent modulation of I h revealed that WIN shifted the voltage dependence of I h activation to more depolarized potentials, consistent with the great availability of I h observed at physiological membrane potentials following CB1R activation.
It's important to note that these initial recordings were done in the presence of synaptic blockers, precluding the possibility that presynaptic CB1Rs could be mediating the observed changes in I h . This represents a departure from the canonical view of CB1R localization, which typically places CB1Rs at the presynaptic terminal. While there is evidence for somatodendritic localization of functional CB1Rs on pyramidal cells, receptors in this compartment are thought to be rapidly endocytosed before being targeted for expression in axonal boutons (Bacci et al., 2004; Leterrier et al., 2006) .
It remains unclear whether CB1R-dependent modulation of I h relies on transiently expressed CB1Rs or if a separate pool of CB1Rs with a more stable expression pattern exists along the somatodendritic axis.
To further examine the postsynaptic localization of CB1R-dependent I h modulation as well as probe the molecular pathway linking CB1Rs to HCN-mediated I h , Maroso et al. (2016) used a variety of intracellular and extracellular pharmacological blockers. Intrapipette application of gallein, a G protein bg subunit inhibitor, blocked CB1R-dependent modulation of sag response, suggesting postsynaptic G protein signaling is required for the CB1R-I h pathway. Importantly, this observation suggests that the CB1R-I h pathway does not involve adenylyl cyclase/cAMP formation, as CB1Rs decrease cAMP levels through the Ga i subunit. Examination of alternative pathways allowed them to target the mitogen activated protein kinases (MAPKs) of the c-Jun-N-terminal-kinase family (JNKs), which have been previously linked to CB1Rs (Turu and Hunyady, 2010) .
Consistent with the involvement of JNKs in the CB1R-I h pathway, application of JNK inhibitors and activators abolish and potentiate CB1R-mediated sag responses in SPCs, respectively. In order to link JNK activity to I h , the authors elegantly posited that JNK-mediated increases in activated nitric oxide synthase (NOS) result in increased nitric oxide (NO), which increases guanylyl cyclase activity and, in turn, cGMP levels. The increased cGMP levels would then result in a depolarizing shift in the activation curve for I h , as HCN channels can be modulated by both cAMP and cGMP levels (He et al., 2014) . Corroborating this hypothesis, inhibitors for guanylyl cyclase (ODQ) and NOS (L-NAME), as well as a specific NO scavenger (CPTIO), abolished WINinduced increases in sag amplitude in SPCs. While each protein in the CB1R-I h pathway has previously been shown to interact with its proposed downstream target, this represents the first evidence directly linking CB1Rs to HCN channels and provides a mechanism through which CB1Rs can modulate I h (Figure 1) .
The authors then investigate the functional implications of the CB1R-I h pathway. As postsynaptic I h plays a critical role in the temporal integration of inputs in CA1 PCs, acting as a shunt on excitation, the authors analyzed how CB1R-dependent modulation of I h influences temporal summation of EPSCs in SPCs (Magee, 1998) . WIN significantly reduced temporal summation in SPCs, but not DPCs. This reduction in temporal summation was shown to be dependent on the CB1R-I h pathway, as application of AM251, genetic deletion of CB1Rs, and inhibition/deletion of HCN channels were all shown to abolish the WIN-induced (C) CB1R-mediated modulation of I h influences temporal summation (left) as well as induction of Schaffer collateral LTP (middle) in SPCs. The CB1R-I h pathway is also linked to impairments in spatial memory induced by CB1R agonists, such as cannabis, as highlighted by the object location memory test (right). Acute treatment with a CB1R agonist, WIN55,212-2, reduces object discrimination index in a CB1R-and HCN1-dependent manner. reduction in summation. Of particular interest, the authors then show that the CB1R-I h pathway bidirectionally regulates LTP, as bath application of WIN/AM251 respectively blocked or augmented theta burst-induced Schaffer collateral LTP and temporo-ammonic LTP in SPCs.
In a final series of experiments, the authors demonstrate that the CB1R-I h pathway underlies cognitive impairments induced by CB1R agonists, such as cannabis. By using the object location memory test, the authors show that acute WIN treatment can significantly reduce the animal's discrimination index. This effect was abolished in animals with conditional CB1R knockout in PCs as well as in HCN-deficient mice, suggesting that the CB1R-I h pathway is responsible for WIN-induced deficits in spatial memory. This finding represents the first to mechanistically link CB1R function to cognition (Figure 1) .
Altogether, Maroso et al. (2016) exquisitely show that CB1Rs can modulate HCN-mediated I h in a subset of CA1 PCs through a JNK-mediated pathway. An intriguing aspect of this study is that they introduce a novel mechanism for the CB1R-dependent modulation of synaptic input onto specific CA1 PCs. While CB1R activation has previously been linked to short-and long-term plasticity in the hippocampus, the mechanism relied on retrograde activation of presynaptic CB1Rs on CCK interneurons and, in some studies, CA3 PCs (Chevaleyre et al., 2006) . In contrast, the CB1R-I h pathway relies on postsynaptic CB1Rs that function in an autocrine fashion to cell-autonomously modulate functional dynamics in SPCs. This pathway and its cellular specificity is also particularly interesting in the context of recent evidence indicating that parvalbumin-expressing basket cell (PVBC) connectivity differs between SPCs and DPCs (Lee et al., 2014) . The CB1R-I h pathway may confer functional dynamics to SPCs in lieu of PVBC input. Further research is needed to identify the mechanism underlying the striking cellular specificity of the CB1R-I h pathway as well as how this pathway may interact with inhibition in the CA1 microcircuit.
These results also elegantly show that CB1R function in PCs is responsible for cannabinoid-induced alterations in spatial memory. Although CB1R expression in PCs has been well established, this study presents a unique functional role for CB1Rs in these cells and highlights how CB1R function in a specific subset of cells can alter behavior (Mackie, 2005) . Given the relative abundance of CB1Rs on CCK interneurons, it will be interesting to see whether a similar pathway exists in these cells as well as how glutamatergic and GABAergic CB1R signaling may interact during various network and behavioral states. For now, though, the CB1R-I h pathway offers an intriguing target for the modulation of spatial memory formation, perhaps presenting an opportunity to help millions of people finally find their keys.
